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ABSTRACT — In this work, the effect of changing
the dimensions of the layer structure on the
collection of electrical charge carriers which
been produced in the thin film composed of
P3HT' and PCBM? that is between two
electrodes, using the Monte Carlo numerical
simulation with Bortez, Callus and Lebowitz
algorithms, with checkered structure and
different dimensions 60x15%x5 sites, 60x30x5
sites, have been the conditions of the layers. At
first, the average number of electrons and holes
produced on the cathode and anode electrodes in
two stages (simultaneous injection of excitons,
without and with the presence of deep traps) was
calculated and it was concluded that, by
increasing layer width, the average number of
electrical charge carriers collected on the
electrodes has decreased, which has a direct
impact on production of layer circuits and solar
cell performance. Finally, the amount of external
quantum efficiency of the layers was also
calculated. In 60x15x%5 sites layer, in two stages —
without and with the presence of traps — the
average value of external quantum efficiency
52.3% and 42.43% was obtained and in 60x30x5
sites layer, the value of 42.43% and 37.9% was
calculated.
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I. INTRODUCTION

According to human needs and the use of clean
and renewable Energies and the limitation of
fossil fuels and environmental pollution caused
by them, since decades ego, solar energy and

! Poly(3-hexylthiophene)

converting into electrical energy by solar cells,
has been considered by researchers [1]-[3].
Organic semiconductors materials are widely
used in solar cells due to the deposition of
nanometer thin films, high absorption
coefficient and conductivity of electrical charge
carriers [4]-[7]. Organic solar cells because of
low cost, high flexibility, fast and easy large-
scale fabrication method large-scale solar cell
can be a suitable alternative to new generations
[8]-[10].  Computational modeling and
simulation are effective ways to optimize and
deliver the best solar cell performance without
having to produce them even for the first time.
These simulations give us insight into how the
solar cell is structured, which can influence the
generation, transmission, and collection of
electrically charged carriers on the electrodes
that help generate external circuit current and
the efficiency of solar cells [11]-[13].

So in this article using the jump rate electrical
carriers charge by Miller-Abraham and
simulation through Monte Carlo computational
algorithm, our aim is to investigate the effect of
various factors on the transfer of electric charge
carriers and to find a relationship between the
internal structure of a solar cell and the external
quantum efficiency of a thin layer in an organic
solar cell.

II. MODEL AND CALCULATION

At first we consider a grid with a checkered
structure for the active layer as shown in Fig. 1.
To simulate the electrical charge transfer on a

2 Phenyl-C61-butyric acid methyl ester
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three-dimensional grid, we follow the steps
presented in flowchart of Fig. 2.
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Fig. 1. The checkered structure of organic solar cell
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Fig. 2. Flowchart of Monte Carlo simulation
operations.

Step 1:

First, we consider an exciton in a random
location as a sign of photon radiation on the
active layer [14].

Step 2:

! Highest occupied molecular orbital

Effects of Variation of the Organic Solar Cell Layers’ Dimensions ...

The energy level of each position, which
represents the HOMO'! and LUMO? levels of
that position, is generated from the Gaussian
function of Eq. (1), which is randomly
generated by the center of the LUMO level in
the electron transfer medium and the HOMO
level in the Gaussian (o) hole transporter can be
calculated [15], [16].

1 (E-E,)
E)=——exp| —~———%) | 1
g(E) — exp = (1)

Step 3:

The hopping rate (7}, ) between different points

of the lattice is calculated through the following
equation:

6
R
w, = w, (R—OJ F(AE;), 2)
i
A, AE,)0
exp| — ,
F(AE,)= K,T BN
1 AE; 0
6k, T u
W, =—2"""exp(2ya), 4
e(n) qaz p( 7 ) ( )
AL, =E,-E, (5)

where £, and E ; are the energy of the charge
carriers of the two sites i and j; k,, T, 3, W,,

and R, are respectively the Boltzman constant,

temperature, amount of replacement, hopping
frequency, and replacement radius of electrical
charge carriers. R, is the distance between the

hopping position and £, , is the mobility of the

electrical charge carriers. The lattice constant a
is equal to 1 nm [15], [17].

Step 4:

Separation of excitons at the common boundary
between electrical charge carriers and their

2 Lowest unoccupied molecular orbital
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hopping rate is done by the Miller-Abraham

method [18]:

W W.(-27R;)F(AE;), AE) ©)
" (-2rR,). AE,; <0

Step 5:

Calculation of the hopping probability of
electrical charge carriers:

PK:Wija (7)

total

where W, is the collection of hopping rate to

nearby locations. A value between zero and one
is obtained for the probability of hopping.

Step 6:

Finally, the average electric charge carriers
located on the parallel layers of the electrodes
and the external quantum efficiency (EQE), that
is to say, the ratio of the number of electrons or
holes collected in the corresponding electrode
to the number of excitons injected, are
calculated [19], [14].

III. RESULTS AND DISCUSSION

In simulation, we consider the solar cell as an
array of cubes (square), which means, the active
layer splits into very small cubes (square)
where the cubic lattice has n, xn, xn_ position

in x, y and z directions. In the present work, we
have considered PCBM! [6] one of the fullerin
derivatives, =~ with ~ the  mobility  of
3x107em’v's™ as a n-type semiconductor
and P3HT? as a p-type semiconductor, with a
high mobility of about 2x10*cm’v’'s™ (Fig.
1). These materials are used because they are
suitable electron and hole transmitters, the
properties of them are given in Table 1 [14],
[22], [20].

The transparent and electrically conductive
electrodes of the anode (indium-tin oxide®) and

! Phenyl-C61-butyric acid methyl ester
2 Poly(3-hexylthiophene)
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the cathode (aluminum*) are placed around the
layer to collect the electric charge carriers,
which their energy levels with the active layer
are plotted in Fig. 4 [24].

(@) (b)
Fig. 3. (a) PCBM; (b) P3HT

Table 1. Parameters for the P3HT and PCBM [14].

Property P3HT PCBM
Charge carr;ezrr{?blhty, Y7, %10 3107
(cm*v'S™H)
Energy width of density of
states, &, (V) 0.063 0.063
Transmission energy of Eyomo =32 | Eyoo = 6.1

carriers (eV) Eiomo =3 | ELumo =

To perform the simulation, an environment
with dimensions of 60x15x5 sites, with a
checkered structure (consisting of three layers),
the length of each layer is 60 nm and its width
is 15 nm and its thickness is 5 nm, and another
environment is similar to that but with
dimensions of 60x30x5 sites, whose width we
have doubled, is taken into account. We assume
that the molecules P3HT and PCBM are located
at points (nodes) of this lattice with a constant
of 1 nm. In y numerical calculations, the

displacement rate is often equal to 2 nm™', K,T
is equal to*25 eV, R, is the exciton
displacement radius, and R, the distance

between the sites i and j is also considered to be
1 nm. Numerical calculations are performed in
two steps as follows. At each stage, a diagram
of the electrical charge carriers collected at the
respective electrodes is drawn according to the
number of charge carriers produced at common
boundary between the two donor-acceptor

3 Indium tin oxide: ITO
4 Aluminum: Al
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materials, also a diagram of the external
quantum efficiency according to descending
excitons is drawn in both structures and
compare with each other.

3ev
3.Tev h - —
t—= P3HT —d.lev
= AL
| S-HeN PCBM
ITO S2ev
6.1ev

Fig. 4. The place of thin film, the electrodes and their
energy levels.

A. Simultaneous injection of excitons on the
layer

We considered the injection of a limited
number of excitons (10, 30, 50, 80, 100, 116) in
the first step of the simulation process, given
that each site (molecule) can only receive one
exciton or electrical charge carrier.
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Fig. 5. Collected electrons at the cathode according
to the number of produced electrons at the interface
between the two layers. (a) 60x15x5 site. (b)
60%x30x5 site.
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Due to the difference in energy of sites of the
lattice and different mobility of charge carriers
in the active layer, the probability of hopping
from one position to another is unequal, so we
expect that the number of charge carriers
collected at the electrodes is different in term of
numerical results. Finally, by limiting the
acceptance of sites in receiving the electrical
charge carriers and the only loss factor
(reaching the unrelated electrode charge
carriers), the number of collected electrons on
the cathode electrodes and the number of
collected holes on the anode electrodes in the
layer of 60x15x5 sites is more obtained from
the 60x30x5 sites layer. This difference can be
seen in Figs. 5 and 6.
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Fig. 6. Collected holes at the anode according to the
number of produced holes at the interface between
the two layers. (a) 60x15x5 site. (b) 60x30%5 site.

According to Eq. (4), the mobility followed by
the rate and probability of hopping for electrons
is less than holes. It seems to be the reason for
difference in the behavior of electrons and
holes. In addition to the results obtained, if there
is more free space for the particles and the
hopping rate is also high, the desired particles
are more likely to reach the relevant electrode.
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Under these conditions, the average external
quantum efficiency of layer 60x15%5 sites was
52.3% and layer 60x30x5 sites was 42.43%.

B. Applying deep traps & trapping for
electric charge carriers

In the second stage of the simulation, the
location of deep traps and the energy of the
places where the traps are located were
randomly considered with the energy center of
the deep traps and the Gaussian width 6=0.06.
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Fig. 7. Collected electrons at the cathode according
to the number of produced electrons at the interface
between the two layers. (a) 60x15x5 site. (b)
60%x30x5 site.

The energy level of the traps is equal to the
average energy level of the donor or acceptor of
the electrical charge of the active layer of the
solar cell. Some electrical charge carriers may
be trapped by traps during a hopping or transfer
movement or may remain their permanently,
which ultimately cannot help transmit circuit
current, which is why it reduces the collected
electrons and holes in Figs. 3 and 4 compared
to Figs. 5 and 6. In addition, from the data in
Table 1, it can be seen that the energy
distribution center of the traps is farther from
the energy distribution center of the HOMO and
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LUMO levels for the movement of the holes
than the electrons, which causes the holes
trapped in traps will much less able to re-
transmit current, which could be a reason for a
greater drop in collected holes than electrons. In
this work, the number of traps is 0.1, the total
number of points in each row in the layer.
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Fig. 8. Collected holes at the anode according to the
number of produced holes at the interface between
the two layers. (a) 60x15x5 site. (b) 60%30x5 site.

Table 2. Comparison of the average number of
electrical charge carriers of different structures

Stage Electron Hole
The first layer 36 32
The second layer 31 28
Stage Electron Hole
The first layer 30 13
The second layer 23 9

This dimension variation shows a direct
relationship between the better performance of
the first structure and the number of electric
charge carriers that play an important role in
generating circuit current. A comparison of the
above mentioned results is shown in Table 2.
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The efficiency of solar cells, which is the result
of the separation, transfer and collection of
electric charge carriers, is directly related to
their average number. As can be seen in Fig. 9,
the efficiency of the solar cell decreases as the
charge carriers become trapped in the traps and
also as the distance from charge carriers to the
related electrodes increases due to the increase
in layer size, and layer 60x15x5 sites, with a
value of 42.63%, has a higher external quantum
efficiency than the layer of 60x30x5 sites, with
37.9%.
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Fig. 9 External quantum efficiency according to the
number of injected excitons. (a) 60x15x5 site. (b)
60%30x5 site

IV. CONCLUSION

The results of numerical calculations of the
transfer of electrons and holes in an organic
checkered solar cell showed that the change in
the structure dimensions of the layer affects the
transfer of electrical charge carriers that play a
significant role in the performance of the solar
cell, it was concluded that the width of each
layer and taking into account the effective
parameters, the average number of electric
carriers that have successfully reached their
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electrodes and help generate current in the
external circuit has decreased due to the
increased distance to the electrodes and the
presence of a loss factor. Numerical
calculations also showed that the 60x15x5
sites, with a value of 42.63%, has a higher
external quantum efficiency than the 60x30x5
sites, layer, with 37.9%. It can be concluded
that by increasing the layer width, the external
quantum efficiency of the desired organic solar
cell, due to increasing the distance of excitons
to reach the separating boundary between the
layers and reducing the number of electric
charge carriers — which is directly related to
external quantum efficiency — reduced.
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